Introduction {#sec1}
============

An ageing population and increasing bone-related disease are posing significant challenges in the coming decades. There is urgent demand for patient rehabilitation associated with the increase in life expectancy with the help of medical devices or fixtures. Current development of novel orthopaedic implants is aimed to accelerate the healing of large bone fractures and treat established nonunion problematic fractures \[[@bib1]\]. In addition, with the rise of trauma victims and musculoskeletal disorders, therapeutic drugs in combination with implants or tissue-engineering approaches for bone regeneration are increasingly considered in clinical application \[[@bib2],[@bib3]\].

Recently, the application of bisphosphonates (BPs) is attracting more and more interest, and the related studies are also growing with evidence of advantages of BPs \[[@bib4], [@bib5], [@bib6]\]. BPs are well-established drugs that are used in the development of therapies for metabolic bone disorders, such as osteoporosis and Paget\'s disease, tumour-induced hyperkalaemia, and inflammation-related bone loss \[[@bib7],[@bib8]\]. BPs not only inhibit bone resorption induced by osteoclasts but also accelerate bone formation induced by osteoblasts, which is in relation to the concentration of BPs \[[@bib9], [@bib10], [@bib11]\].

In the past 30 years, the use of BPs is mainly connected with stainless steel or titanium alloy implants in clinical field, and their efficacy has been proved both *in vitro* and *in vivo* \[[@bib12], [@bib13], [@bib14]\]. Compared with these conventional permanent metallic fracture fixations, magnesium (Mg) alloys have emerged as promising next-generation implants owing to their characteristic of degradation in the biological environment, which can avoid the second surgery for removal of the implant and incidental adverse effects or complications. Besides, the degradation of Mg alloy has also been verified to promote the bone formation \[[@bib15]\].

The novel strategy by combination of BPs and Mg alloy implants has been proposed by some researchers based on different indications and hypotheses. Li et al. \[[@bib16]\] reported a zoledronate (ZA)-loaded Mg--Nd--Zn--Zr alloy to improve osteoporotic fracture healing by dual modulation of bone formation and resorption. Similarly, Li et al. \[[@bib17]\] studied the regulation of osteogenesis and osteoclastogenesis by loading zoledronic acid on a biodegradable Mg--Sr alloy. Molecular and cellular mechanisms for ZA-loaded Mg alloys to inhibit giant cell tumours of bone are discussed in a latest research study \[[@bib18]\].

In this work, a facile method with combination of fluoride pretreatment and dip coating was applied in development of the ZA-loaded coating on AZ31 Mg alloy in comparison with previous construction strategies, such as Ca--P chelation with BPs. In many previous studies, fluoride treatment was considered an effective method to improve the corrosion resistance \[[@bib19], [@bib20], [@bib21]\]. Immobilised ZA on the pretreated fluoride coating was hypothesised to be associated with better corrosion resistance and valid drug release for AZ31 Mg alloy.

Materials and methods {#sec2}
=====================

Materials and coating preparation {#sec2.1}
---------------------------------

An AZ31 Mg alloy (Mg--3% Al--1% Zn) was used as the substrate in this work, which was studied as the orthopaedic implant in the previous work \[[@bib22]\]. AZ31 substrates were pretreated with hydrofluoric acid (HF) treatment for 24 ​h to form a fluoride coating according to our previous protocol \[[@bib21]\]. ZA (10^−4^ ​mol/mL) was immersed in 3 ​mL of 1% chitosan acetic acid solution (concentration of acetic acid solution = 1%). The fluoride-coated AZ31 substrates were then immersed in the aqueous ZA solution five times by the dip coating method at room temperature and dried using a gentle stream of dry air. Because ZA is uniformly blended in the coating solution, ZA is evenly distributed in the coating as a blend. There is also a possibility of hydrogen bonding between the phosphate group in ZA and amidogen/oxhydryl group in chitosan. Based on this, the bonded ZA will keep long-term maintenance of efficacy. The schematic picture of the process is shown in [Fig. 1](#fig1){ref-type="fig"}.Fig. 1Schematic picture of the coating fabrication process. HF = hydrofluoric acid; ZA = zoledronate.Fig. 1

*In vitro* degradation {#sec2.2}
----------------------

Three samples with the ZA coating and naked AZ31 samples as the control were immersed in 5 ​mL of phosphate-buffered saline at 37 ​°C for 1, 4, 7, and 14 days to detect Mg^2+^ concentration. Meantime, pH variation of the solution was monitored during the immersion periods, and the corrosion rate of the substrate was calculated by weight loss after immersion for 14 days. The following is the calculation formula:$$\mathit{CR} = \frac{\left( {W_{0} - W_{t}} \right) \times 365}{\rho \times s \times t}$$where *W*~*0*~ is the initial weight of the sample before the immersion test, *W*~*t*~ is the weight of the sample after immersion for *t* days, *ρ* is the density of the substrate, *s* is the surface area of the sample, and *t* is the immersion time.

Surface description of the ZA-loaded coating {#sec2.3}
--------------------------------------------

The morphologies and compositional profiles of the ZA-loaded coatings were examined under a scanning electron microscope (S--3400N; Hitachi, Japan) equipped with energy-dispersive spectroscopy. X-ray photoelectron spectroscopy (XPS) was used to investigate the ZA adsorption on the surface. Analysis of the samples was performed by XPS (PHI 5600; PerkinElmer, Physical Electronics, Japan) using an Mg *K*α radiation source at a power of 300 ​W. The detected elements were observed from the survey spectrum over a range of 0--1100 eV with an energy resolution of 1.5 eV. The XPS bonding energy (BE) values were charge corrected with respect to those of adventitious carbon at 284.8 eV. High-resolution XPS spectra were collected by an energy resolution of 0.75 eV for key elements identified from the survey spectra. Fourier-transform infrared spectroscopy (FTIR) with attenuated total reflectance was performed aiming at detecting any type of chemical modification on the chemical structure of samples. The acquisition was performed in the transmittance mode from 4000 to 400 ​cm^−1^. All the spectra were recorded using 64 scans and 2 ​cm^−1^ resolution on an FTIR spectrophotometer (PerkinElmer 1600 Series, United States).

*In vitro* drug release of the ZA-loaded coating {#sec2.4}
------------------------------------------------

The release of ZA from the coating and the total amount of ZA loaded on the coating were measured using the UV/Vis spectrophotometer (752N; INESA, China). Primary stock standard solutions of ZA (0.5 ​mg/mL) were prepared and then diluted with deionised water to obtain a series of working solutions (0, 5, 10, 50, 100, and 500 ​μg/mL). The concentration of ZA release in the medium was determined during different immersion periods using the UV/Vis spectrophotometer at a wavelength of 210 ​nm. The ZA-loaded samples were immersed in the acetic acid solution with 1% concentration under ultrasonic oscillation for 3 ​min. The total amount of ZA loaded was detected using the same method.

Results and discussion {#sec3}
======================

[Fig. 2](#fig2){ref-type="fig"} shows the morphology of the ZA-conjugated coatings formed on the surface of AZ31 alloy after treatment with ZA at 10^−4^ ​mol/L; the concentration was chosen according to the previous article \[[@bib16]\]. As described in the previous article \[[@bib19]\], the fluoride coating showed a dense, black, and smooth conversion film on the surface. After incorporating a low concentration of ZA, the surface of the sample became more smooth and uniform, as shown in [Fig. 2](#fig2){ref-type="fig"}B. As the control sample, there were more scratches on the surface of the naked Mg alloy sample formed by grinding, as presented in [Fig. 2](#fig2){ref-type="fig"}A. It revealed that the morphology of the coating was uniform and smooth. The composition of the coating is shown in [Fig. 2](#fig2){ref-type="fig"}C; C, O, N, Mg, and P were present. For showing the structure of the coating, a mapping scan was performed, and the results of the location of the element distribution marked by the red rectangle in [Fig. 2](#fig2){ref-type="fig"}D are shown in [Fig. 2](#fig2){ref-type="fig"}E. It showed that Mg element is distributed in the AZ31 substrate, and F element is distributed in the inner fluoride coating. In addition, O and P elements are distributed in the whole ZA coating. The fluoride coating can be clearly found from the cross-sectional mapping image, the thickness of which is 2--3 ​μm. The previous study showed that the HF-treated coating could provide effective protection from corrosion of Mg \[[@bib21]\]. On the outside of the fluoride coating is the ZA coating, the average thickness of which is 29.8 ​± ​2.8 ​μm, as shown in [Fig. 2](#fig2){ref-type="fig"}D.Fig. 2(A) Surface of the naked Mg alloy, (B) surface, (C) EDS point scan results, (D) cross-sectional ​morphologies, and (E) mapping scan results ​of the ZA-incorporated coating, obtained by scanning electron microscopy. EDS = energy-dispersive spectroscopy; ZA = zoledronate.Fig. 2

It is known that the BP structure consists of two oxidised phosphorous atoms linked by a central carbon (P--C--P). Besides, the side chains attached to the carbon are responsible for the property of BP. The R1 side chain substituted by the --OH group could increase BP\'s binding affinity. The R2 side chain determines the antiresorptive properties of the BP, and the nitrogen in an alkyl chain situated here increases the BP potency \[[@bib23]\]. Thus, XPS was used for studying the adsorption of ZA, a commonly used nitrogenous BP \[[@bib14]\]. The XPS survey spectrum of the ZA-incorporated coating is shown in [Fig. 3](#fig3){ref-type="fig"}. The N 1s and P 2p photoelectron signals are the markers of choice for confirming ZA adsorption. The N1s photoelectron signal was expected to be strong, and this is clearly evident in [Fig. 3](#fig3){ref-type="fig"}A. Comparatively, the XPS sensitivity factor for P 2p is relatively low. In addition to the N 1s and P 2p signals, the other observed photoelectron signals were carbon (284 ​eV) and oxygen (531.1 ​eV).Fig. 3(A) XPS survey spectra and high-resolution spectra of (B) nitrogen N 1s and (C) P 2p for the zoledronate-incorporated coating. XPS = X-ray photoelectron spectroscopy.Fig. 3

[Fig. 3](#fig3){ref-type="fig"}B shows the high-resolution N 1s spectrum for the ZA-incorporated coating. After curve fitting, the ZA coating showed three deconvoluted peaks at BEs of 399.6, 398.3, and 397.3 ​eV. This indicates that the N 1s signal detected by the survey spectrum scan was indeed due to the BP adsorption. The highest peak at a BE of 399.6 ​eV can be attributed to the presence of the NH~2~ group in the BP. A similar result was reported by Yoshinari et al. \[[@bib24]\] who detected a NH~2~-like peak for pamidronate at 399.3 ​eV. [Fig. 3](#fig3){ref-type="fig"}C shows the P 2p peak detected at 130.9 ​eV, which is attributed to the possible phosphorous component in the BP. Yoshinari et al. \[[@bib24]\] reported a slightly higher BE value at 133.8 ​eV for the PO~3~^2−^ group in pamidronate.

[Fig. 4](#fig4){ref-type="fig"} shows the FTIR spectra obtained for the ZA-incorporated coating. Compared with drug carrier polymer--chitosan, the presence of ZA could be detected and identified at characteristic bands of 1150 ​cm^−1^ (ν~P=O~), 1543--1635 ​cm^−1^ (ν~C=N~), and 1400 ​cm^−1^ (ν~C=C~) in the ZA-loaded coating according to a reference of pure ZA powder. In addition, the characteristic peak position of the free hydroxyl group and hydroxyl group in the phosphate group in ZA is at 3500 ​cm^−1^ and 2500--3300 ​cm^−1^, respectively. After loading in the coating, the peak widened and intensity decreased, which indicated that the hydroxyl groups have bonded with chitosan to form an intermolecular hydrogen bond. It was verified that ZA had been loaded in the coating.Fig. 4FTIR-ATR spectra of ZA-incorporated coating. ZA powder was set as the reference. FTIR-ATR = Fourier-transform infrared spectroscopy with attenuated total reflectance; ZA = zoledronate.Fig. 4

[Fig. 5](#fig5){ref-type="fig"} indicates the pH variation and release of ZA from the coated AZ31 alloy. It can be found that the pH for the ZA-incorporated coating increased slowly from 7.4 to 8.8 over a period of 14 days. Compared with coated samples, the pH of the naked AZ31 alloy increased from 8.8 to 10.2 over a period of 14 days. The relatively low pH value is attributed to the excellent corrosion resistance of the fluoride coating, which has been proved in many studies \[[@bib21],[@bib25]\]. According to the weight loss data, the corrosion rate after immersion for 14 days was calculated to be 4.8 ​× ​10^−4^ ​mm/year. The release profile of the coating was measured by UV/Vis detection. The calibration curve was linear in the range of 5--500 ​μg/mL (R^2^ ​\> ​0.999). The release of ZA was greatest during the first 7 days (0.04 ​mg/mL) and decreased rapidly during the next 7 days to reach a plateau. The initial burst release and sustainable release of ZA were mainly attributed to the drug adsorption on the surface and insusceptible to the degradation of Mg alloy. In addition, the total amount of ZA loaded was also detected, which was 0.07--0.08 ​mg/mL. It was indicated that the release rate of ZA during the first 7 days was 50--60%. It can be inferred that nearly half of the drugs were hydrogen bonded to chitosan in the coating after 14 days of immersion.Fig. 5(A) pH variation and (B) the zoledronate release profile during immersion periods of 14 days. ZA = zoledronate.Fig. 5

Conclusion {#sec4}
==========

To develop a novel drug-loading orthopaedic implant, we constructed an AZ31 Mg alloy coated with the anticatabolic ZA. It is believed that this design could improve bone formation and simultaneously inhibit excessive resorption owing to the degradation of Mg alloy. A facile method was applied by combination of fluoride pretreatment and the dip coating method in the ZA and chitosan--acetic acid mixed solution. The pH variation curve and corrosion rate calculated by weight loss exhibited excellent corrosion resistance of Mg alloy owing to a thick fluoride-pretreated coating. Zoledronic acid was successfully loaded on the surface of Mg alloy detected by X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared (FTIR) analysis, and the release profile was quantified with Ultraviolet (UV) detection, which showed an initial appropriate burst release and sustainable release over a period of 14 days and retains some functional groups by the bonding formed. It is considered that this construction of ZA-coated Mg-based orthopaedic implants could be easily and efficiently used in the clinic.
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